Introduction
Over the past several years, there has been an increasing concern about the condition of forests of Europe, Canada, and the United States. F orest damage and declining tree growth rates, which cannot be attributed to any specific cause, may be evidence of the chronic, cumu1a-tive effects of air pollution in various forest ecosystems (Ulrich, 1981 (Ulrich, , 1983 Pinkerton, 1984; Koz10wski & Constantinidou, 1986) .
In 1983, studies were initiated to determine if damage symptoms of Abies alba at various diseased forest sites in Europe (Schütt, 1978; Bauch et a1., 1979; Berchtold et a1., 1981; Schweingruber et al., 1983; Eckstein et al., 1983; Torelli et al., 1986 , this issue) could be identified in A. balsamea growing on spruce-fir sites of the northeastern Uni ted States. Declining periodic growth rate was observed in balsam fir stands ac ross northern New England, including stands with and without the impact of spruce budworm (Choristoneura [umi[erana) defoliation (Blanchard et a!., 1983) . These observations were made as part of a study to develop electrical methods of evaluating cambia1 growth potential and internal deterioration of trees, and to determine the mechanisms affecting the observed variation in electrical resistance measuremen ts (Short1e & Ostrofsky, 1983 : Smith et al., 1984 Shortle, 1985) . Cambial growth potential determined e1ectrically appeared to be a good indicator of the response of trees under chronic stress to an episode of acute stress (Shortle, 1983) .
The two particular fir species were selected for initial comparison because of the sensitivity of Abies alba to what appears to be pollution effects in the Federal Republic of Germany. Suppression of cambial growth in A. alba on some sites could be traced back to the 1950's long before the development of any clearly recognisable foliar symptoms. lt was not until the late 1970's that damage was first recognised in the crowns of fir, and the early 1980's in spruce, Picea abies (L.) Karst. If growth suppression was ta king place in A. balsamea without obvious foliar symptoms, then it might be in the early stages of decline now c1early recognised in A. alba. The comparative studies were expanded to include Picea rubellS Sarg. (USA), when decline suddenly appeared in P. abies (Europe) . Analysis of fine roots in needles as weil as wood was added to the study to help identify possible alterations due to environmental impacts of pollution.
This report focuses mainly on the biological wood characteristics of the two fir species, because they might contribute to a better understanding of the cause of the European disease of spruce and fir, and of similar problems in the Uni ted States. The consequences of the disease for wood quality is also considered.
Materials and Methods

Selection of forest sites and trees
In the Federal Republic ofGermany, 85 trees of Abies alba were selected at two healthy and five diseased sites (Table I) . Trees were felled IAWA Bulletin n.s., Vol. 7 (4),1986 and sam pie disks were taken from the butt section and upper portions of the stern along with sam pies of fine roots, needles, and soil.
In the northern New England states of Vermont, New Hampshire, and Maine, USA, paired sam pies of Abies balsamea and Picea rubens were harvested from eight spruce-fir stands (Table 2) representative of stands from high elevation in the west (Vermont) to low elevation commercial stands in the east (Maine). Because there were no crown symptoms comparable to A. alba in A. balsamea, eaeh pair included one tree in the canopy with a healthy crown for that stand (a plus tree) and another tree in the eanopy with a poorer erown (a minus tree). These eriteria were met on all sites for spruce, but fir at Roaeh Pond could be considered only in the minus category, and those at Beddington only in the plus eategory. Therefore, the final sam pie of A. balsamea consisted of 14 trees: 7 plus, and 7 minus. These trees were considered representative of the more than 350 trees cut across this region in studies from 1978 to 1983.
Determination of sapwood basal area
The sapwood portion of Abies alba was determined on green disks by planimetry and expressed as percentage of total transverse area. That of A. balsamea was determined from measurement of radial distance of pith to sapwood and pith to cambium along 6 radii of each disko Sapwood portion was then calculated and expressed as a pereentage of total transverse area, i.e., the portion of basal area oceupied by functional sapwood. * + tree = healthy eanopy fir, -tree = dec1ining eanopy fir.
Growth ring analysis and histometry
The growth ring width of Abies alba sampIes was determined on four radii per disk from all experimental trees with a eomputerised Eklund maehine (Aniol, 1983) . Cross-seetional eell dimensions of earlywood and latewood traeheids and wall thickness were measured with the MOP-AMO 3 equipment (Greve, 1984) , for both A. alba and A. balsamea. Ring widths of A. balsamea were determined from four radii per disk using the longest and shortest radius and a perpendicular radius of eaeh. Ring widths were measured to the nearest 0.0 I mm using a MeasuChron Type I digital positiometer (manufactured by L. Kutsehenreiter, Vienna). Average ring widths were computed and eross-checked with previously established master dendrochronologies.
Water content
The water content of all selected green disks of Abies alba was determined gravimetrieally on 2-3 em 3 sampIes taken eontinuously from eambium to pith, partially by growth ring, or by intervals of 3 to 5 rings. The water content of each disk of A. balsamea was taken by splitting duplicate sampies of outer sapwood and outer corewood 0.5 x I x 5 cm (tangential, radial, length) from two radii after examination of the visual and electrical properties to insure a uniform sampie. Sapwood sam pIes were always taken 3 mm from inner bark to avoid contamination from the phloem and no closer than 5 mm to the inner sapwood boundary. Outer corewood was taken 3 to 5 mm internal to the inner sapwood boundary in tissue of uniformly high electrical resistance, type A corewood, or uniformly low electrical resistance, type B corewood (Shortle & Ostrofsky, 1983; Shortle & Smith, 1987) .
Analysis 01 cations and anions
Total concentrations of K, Ca, Mg, Mn, Fe, AI, in the wood of Abies alba were determined by ICP analysis (emission spectroscopy with an inductively coupled argon plasma). For all analyses a sam pIe of 0.2 g was used which allowed for the isolation of individual growth ring tissue for the analysis (Rademacher, 1986) .
Total concentrations of K, Ca, Mg, and Mn in A. balsamea were determined by atomic absorption using 0.5 g sampIes of oven-dried wood digested in hot acid (70% perchloric acid: nitric acid 2: 3). Most of the K was found to be water soluble K + (Shortle & Ostrofsky, 1983) , thus total K was taken as an estimate of water soluble K + expressed as J.Lmol/g dry wood. Ca, Mg, and Mn in wood have low solubility in hot water, thus Ca 2 +, Mg 2 +, and Mn 2 + are considered not to make a substantial contribution to total soluble ions extracted in hot water. Total Mn was found to be a good estimator of Mn 2 + by comparing total Mn in 8 paired sam pIes ranging from 20 to 250 J.Lg/g with Mn 2 + estimates of 0.01 M HCI extracts using Dionex chromatography.
The concentration of anions in solution with K+ was done on a Dionex 2000i Ion Chromatograph. Anions were extracted by autoc1aving 1.0 g tissue in 50 ml H 2 0 for 30 min. after wh ich extracts were cooled, filtered, and frozen at -70°C until analysed. Acetate, formate, malate, and sulfate were determined using a Dionex AS6 column with an eluent of 20 mM Na2 CO 3 and 2 mM NaOH at 1. 5 ml/min. The background conductivity was suppressed with 12.5 mM H 2 S0 4 at a flow rate of 6 ml/min. Chloride, nitrate, phosphate, and oxalate were determined with a Dionex AS4A column and an eluent of 0.75 mM NaHC0 3 and 2.2 mM Na2C03 at a flow rate of 2.0 ml/min. Background conductivity was suppressed with 12.5 mM H 2 S0 4 at a flow rate of 3 ml/min. Quantification was done by the method of standard curves using peak heights because the automatie integrator was found to be unreliable for some anions. Determinations for each tissue were done in duplicate on duplieate sampIes. A pair of healthy and diseased A. alba sampIes were included with those of A. balsamea for direct comparison.
Soluble sugars and starch
Individual growth rings of Abies alba were selected as 25 mg sampies after grinding. Glucose, fructose, and sucrose were extracted with methanol and water 3: I. The remaining starch of the extracted wood was then enzymatically hydrolysed and determined as glucose (Rademacher, 1986 ). The analysis of the soluble sugars was done with a sugar analyser (Puls & Rademacher, 1986) .
Total soluble carbohydrate was determined for A. balsamea sampies by extracting 100 mg of ground wood in 4 ml 76% EtOH in a heater block at 70°C for 60 min. with gentle vortexing at 20 and 40 min. Extract sampIes, 0.1 or 0.2 ml, were used to determine carbohydrate by the phenol-sulfuric acid method (Dubois et al., 1956) . Determinations were done in triplicate. Sam pies of healthy and diseased A. alba were included for comparison.
Phenols and extractives
Total soluble phenols were determined using the same 76% EtOH extract used for carbohydrate determination. Extract sampIes 0.25 ml, were used to determine total phenol by the Folin-Ciocalteu method (Horowitz, 1960) using one-half the standard amount of reagents.
Wood sampies of Abies alba taken from cambium to pith were extracted with benzenemethanol, I: I, to determine total 'extractives' in a healthy and a diseased tree.
Measurement 01 electrical resistance
Cambial electrical resistance measurements were taken by standard procedures (Blanchard et al. , 1983) . Wood electrical resistance measurements were taken along two or more radii of each sam pie disk of Abies balsamea brought to room temperature using standard procedures (Shortle & Ostrofsky, 1983) . Patterns of electrical resistance were determined in both A. balsamea and A. alba. IAWA Bulletin n.s., Vol. 7 (4),1986
Results
Visible alteration oi tree habit and cross-section
A healthy crown of Abies alba is typieally tight, long, and round, with branches retaining 6 to 10 needle years. As trees progressively decline and become diseased, the needles are lost from the base of the crown upwards, and from the inner branch toward the tip until only 2 to 3 needle years remain. This results in a thin, short, and irregular crown. Adventitious shoots commonly develop as the primary crown is lost. The root systems are more shallow in diseased than healthy trees. The trees are rated for disease by four damage classes based on the relative foliar area of the crown determined by visual inspection -class 0, healthy trees « 10% estimated needle loss); class I, slightly diseased « 25% needle loss); dass 2, diseased « 50%); and dass 3, very diseased (? 50%).
This system could not be directly applied to A. balsamea due to differences in crown morphology and the higher density of canopy trees in spruce-fir stands across northern !\lew England. However, at most locations, healthy dominant or codominant fir with relatively dense, conical crowns could be found in contrast to relatively sparse, smaller crowns. The former were simply rated as plus trees, the latter as minus trees. The plus trees were found to have an average of 7 needle years, the minus trees, 5. Thus, the resulting contrast in A. balsamea would be somewhat equivalent to crown class 0 and class 1 or 2, but not 3, in A. alba.
The most outstanding feature of A. alba trees upon cutting was the wetwood pattern observed on the transverse surface of freshly cut sterns within one meter of the ground. The active sapwood portion of the stern was diminished by extension of central columns of wetwood into the sapwood in diseased trees. Sapwood basal area decreased from an average of 71 % in healthy trees to 26% in very diseased trees at Wörth/D (Table 3) . This relationship was confirmed at other sites.
In A. balsamea there was also a significant decrease in sapwood area from 33% in plus trees to 23% in minus trees (P < 0.05, F test) (Table 3) . However, A. balsamea had a feature not prevalent in A. alba. Nine of 14 balsam fir trees had root and butt rot (6 white-rot and 3 brown-rot types) in the basal metre ofthe stern. The incidence in minus trees (6 of 7 rotted) was double that of plus trees (3 of 7 rotted). In addition to root and butt rot, there was trunk rot in the oldest tree (130 yr), and decay associated with a small basal sc ar in a plus tree. Only 4 A. balsamea trees, 3 plus, and 1 minus, were free of visible decay at ages equal to, or younger than, A. alba. Wetwood was found in all balsam fir trees in association with discoloration and deeay.
Growth ring analysis
Growth ring analysis of Abies alba indicated that eambial growth suppression began at some sites in the 1950's, at whieh time no visual symptoms were recognised in the erown. Growth suppression eontinued during the 1960's and 1970's until foliar symptoms beeame obvious in the late 1970's. Onee crown symptoms beeame recognisable in A. alba, the degree of growth suppression was related fairly weil to erown symptom classes (Fig. I) . As the disease advanees, rings are often found to be missing in the outermost sapwood.
Growth ring analysis of A. balsamea indicated that cambial growth suppression began in minus trees in the 1970's (Fig. 2) . The periodic growth rate and basal area increment of 1981-1985 and 1976-1980 time period (Table 4) . No signifieant differences in growth rate was observed between healthy and declining trees for the previous two decades. This period of decline in balsam fir across northern New England coincided with a serious outbreak of spruce budworm which defoliates shoots of the current year in A. balsamea. Several ycars of defoliation will cause suppression of eambial growth and mortality in fir. However, only one plus and two minus trees of our sam pie were in areas heavily impacted by budworm in the 1970's. If these trees are removed from the analysis, the growth loss remains significant.
Histometrical and histological data
Wood cell formation appeared to be altered in Abies alba only after a long period of cambial growth suppression in very diseased trees. The cross-sec ti on al area of tracheids decreased in very diseased trees in the outermost sapwood rings, but not in healthy trees or during the prior century in the diseased trees. Corre- (Table 5) . Some cytological observations were made from cambium to pith in A. alba. Bordered pit membranes in sapwood became encrusted with accessory compounds as wetwood moved into the sapwood of diseased trees. The cell nuclei became pycnotic, or even disappeared at the inner sapwood boundary. Starch grains were much less abundant in ray cells of the sapwood in diseased trees than heaIthy ones.
Physiological parameters
Water content, ion content, soluble sugars and stored starch, and secondary metabolites are parameters of the cardinal physiological processes in a tree and need to be considered in evaluating tree decline and disease.
The water content of the active sapwood of Abies alba decreased in diseased trees. In the firs at Wörth/D the outer sapwood of diseased trees decreased on the average from 170% in healthy trees to 121 % in diseased trees (Table  6 ). This decrease was typical for A. alba trees at other locations. In very diseased trees, the decrease in sapwood was nearly 50% (Table 6 ). Water content in the heartwood core is highly variable due to the presence of wetwood, a consistent feature of the heart of fir trees.
The water content of the active sapwood of A. balsamea did not vary significantly between healthy and declining trees ( Table 7) . The water content of healthy A. balsamea sapwood was 15% to 20% greater than that of A. alba (Table 8) had the same 30% decrease in water content observed at Wörth(D (Table 6 ).
In both species of fir, the water content dropped to an average of 40% in type A corewood, which is characteristic of the heartwood formed in conifers (Tables 7, 8) . However, the heartwood of the firs contain varying amounts of type B corewood, a tissue generally called wetwood. This wood is characterised by a 10w electrical resistance; a water content greater than type A wood, but often less than sapwood; and a high water-soluble ion concentration. It is darker in colour than type A corewood or sapwood on freshly cut transverse surfaces, but The macro-elements K, Ca, and Mg were remarkably consistent from one site to another in A. alba. Likewise, the concentration of ions, K + , Ca 2 +, Mg 2 +, and Mn 2 +, did not differ significantly between the sapwood of healthy and declining A. balsamea trees ( Table 7 ). The concentration of these ions did not differ signifi- (Tables 7, 8 ). However, the K + concentration was then double during the formation oftype B corewood in these species (Tables 7, 8) .
Increased K + concentration of type B corewood in A. balsamea was accompanied by a marked increase in malate ion concentration. The increase in K+ was about 17 j.Lequiv/g dry wood, while that of malate (a divalent anion) was 20 j.Lequivalents. This indicated that K+ increased as potassium malate in wetwood of A. balsamea, but not in A. alba (Table 8) .
In A. alba the malate concentration of corewood does not increase in either type A or type B corewood, but oxalate increased markedly in both (Table 8) . No such change in oxalate occurred in A. balsamea (Table 7) . Furthermore, in the drier outer sapwood of the diseased A. alba, oxalate increased as it did in the formation of type A corewood (Table 8) . If oxalate of A. alba was formed as oxalic acid upon transformation of sapwood to type A corewood, and convcrted to the soluble K + salt in type B corewood, then oxalate (a divalent anion) would account for about half the increased K + concentration. Watersoluble oxalate could also contribute significantly to the greater decay resistance of A. alba corewood compared to A. balsamea, which does not produce a high oxalate concentration and has serious decay problems.
The other two major organic anions, acetate and formate, did not vary significantly among the tissues of A. balsamea or A. alba (Table 8) . These two anions appeared to be the major counterions for K + in the fir sapwood. The inorganic anions, chloride, phosphate, and sulfate, were quite variable among sam pies and did not vary significantly between healthy and diseased fir (Tables 7, 8) . Only phosphate varied significantly between sapwood and corewood of both species, being markedly less in the core than in the sapwood.
The polyvalent cations, Ca 2 +, Mg 2 +, and Mn 2 +, which are not readily soluble in water, did not vary among tissues, with the exception of Mg 2 + which increased significantly in the cores of both firs (Tables 7, 8) . Studies of the distribution of calcium in A. alba indicated it to be located primarily in the apo plast in association with the walls of tracheids.
The concentration of soluble sugars was significantly greater in the sapwood of diseased A. alba trees than in the sapwood of healthy trees (Table 10 ). Thc concentration of soluble sugars in declining A. balsamea trees was significantly less than that of healthy trees (Table 7) , just the opposite of A. alba (Tables 8, 10 ). Stored starch was drastically reduced in sapwood of diseased A. alba trees. Starch was not measured in A. balsamea trees.
Soluble sugars decreased in corewood of type A and B in both fir species, as the phenol concentration increased (Tables 7, 8 ). This alteration is typical for protective tissues formed in trees. Mass ratios of total phenols to carbohydrates typically range from 0.2 to 0.5 in sapwood and increase to > I in protective layers.
There were no significant differences in soluble phenols between sapwood of healthy and diseased trees of either species (Tables 7, 8) . A small increase in extractive content was ob- (Table 11) .
In summary, sapwood of diseased A. alba trees had a lower water content and a higher soluble sugar content than healthy trees. Oxalate also appeared to increase in the sapwood of diseased A. alba trees. Sapwood of dedining A. balsamea trees had a lower soluble sugar con ten t than healthy trees.
The formation of type A corewood in both tree species involved the loss of water, phosphate, and sugars and the gain of phenols and magnesium ions. Abies alba also gained watersoluble oxalate.
The formation of type B corewood in both species involved the gain of water and potassium 
1(14)
1(12) x(2) x(2) Cambial electrical resistance and cambial growth Cambial electrical resistance of Abies balsamea was found to be related to cambial growth (Fig.3 ). Stand averages of approximately 100 canopy fir trees ranged from 9 to 13 kfl using 2-kfl dasses of cambial electrical resistance (e.g. dass 9, > 8 ~ 10 kfl; dass 13, > 12 ~ 14 kfl). Only in stands in which spruce budworm had caused severe defoliation were classes above 13 kfl observed. No further cambial growth reduction occurred in trees of such stands and trees soon died.
Using the relationship of cambial growth to cambial electrical resistance (Fig. 3) , it appeared that 60% of 26 fir stands examined in 1980/ 1981 would have been in dass 9 before 1975, but by 1980 only 15% would remain in dass 9, in which trees have a high cambial growth potential. In the 90 stand sampie of 1979, in which more defoliated stands were included, less than 5% of the stands has a high growth potential in 1979. If the cambial growth potential of firs in stands had been observed by electrical measurements over the past few decades, the onset of declining growth and increasing vulnerability to additional stress would have been recognised before foliar symptoms becamc obvious.
When the method of measuring cambial electrical resistance was applied to A. alba at Bad Herrenalb in 1984, it was found that cambial electrical resistance was related to crown dass, and thereby to cambial growth as weil (Fig. I) . The mean cambial electrical resistance for crown dass 0 (healthy) was 5 kfl; for dass 1 (slightly diseased), 7 kfl; fordass 2 (diseased), 9 kfl;and for dass 3 (very diseased) 10 kfl. Mean electrical resistance measurements for dass 0, I, and 2 were significantly different (t-test, P< 0.05), hut dass 3 was not different from 2. As in the case of A. balsamea, it appeared that observing changes in electrical resistance measurements of the cambial zone over time may be ofvaluc in recognising the onset of cambial growth suppression before foliar symptoms became weil developed.
Discussion
Symptoms characteristic of forest damage in Abies alba were not observed in A. balsamea. However, sam pIes of healthy balsam fir trees when contrasted with canopy trees showing some reduction in foliage, had characteristics similar to A. alba -a suppression of cambial growth and a reduction in sapwood basal area. The suppression of cambial growth in A. balsamea dates to the early 1970's across northern New England. This is consistent with the pattern observed in a study of 1,283 balsam fir cores from across the same region (Hornbeck et al., 1986) . Although spruce budwonn defoliation of balsam fir contributed greatly to cambial growth suppression, it was not the only cause of growth reduction during the past decade (Blanchard et al., 1983) .
Growth suppression in A. alba in Germany is much more pronounced than in A. balsamea. Growth suppression has occurred for two decades or longer and missing growth rings are frequent in trees with advanced disease (Bauch et al., 1979; Schweingruber et al., 1983; Kenk et al., 1984) . Effects of climate have been eliminated as the sole cause of growth suppression in Abies alba by dendroclimatological studies (Eckstein et al., 1983) .
One possible explanation of this difference between A. alba and A. balsamea is that A. balsamea dies much sooner than A. alba in response to cambial growth suppression. Healthy A. balsamea trees have a much smaller sapwood portion than A. alba trees. Balsam fir trees with relatively sm all losses of foliage have sapwood basal areas equivalent to silver fir in the most scvere damage classes. Balsam firs in decline almost always have root and butt rot infections causing serious damage, whereas silver firs have only increased wetwood in advanced stages of disease. Therefore, it seems possible that A. balsamea cannot survive long enough to show more severe symptoms of decline.
Changes in the cell dimensions of tracheids that are considered a characteristic of advanced disease of A. alba (Bauch et a1., 1986) , were observed in declining A. balsamea. Such changes in cell dimensions have been caused in spruce by S02 fumigations (Keller, 1980) . The water content of active sapwood was reduced in diseased A. alba trees, but not in declining A. balsamea trees. Abies balsamea had a sm aller sapwood portion and higher water content in functional sapwood than A. alba. As already discussed, A. balsamea may not be able to survive long enough for water content to decrease, because of its small sapwood area.
The cation content of sapwood of healthy and diseased A. alba, or healthy and declining with its greater susceptibility to tree decay, is more likely to be severely damaged than A. alba in which wetwood persists.
